The disruption of a membrane by antimicrobial peptides (AMPs) involves a complex sequence of events driven by non-covalent interactions between the peptide and the membrane bilayer which can be described in terms of at least six distinct molecular steps. These include: 1) binding/association to the membrane, 2) conformational change, 3) orientational/topological changes in both peptide and membrane, 4) membrane penetration, 5) peptide self-association, causing irreversible changes in membrane packing and 6) membrane disintegration. Antimicrobial peptide-induced membrane disruption is therefore a dynamic process with structural changes occurring in both the peptide and the membrane bilayer. While many studies also seek to define the mechanism of AMP disruption in terms of either a carpet-like model or a pore-structure[@b1][@b2], it is becoming increasingly evident that this "carpet" or "pore" definition is an over-simplification of the lytic process[@b3][@b4][@b5].

Many studies also define a critical peptide concentration necessary to elicit a lytic response[@b6]. However, the biophysical definition of the threshold concentration is unclear. While many studies identify a threshold peptide concentration for membrane disruption that may correspond to complete coverage of the vesicle membrane[@b6], there is also very little information on the relationship between the membrane-bound peptide mass (*m~p~*) and the extent of the concomitant reversible and irreversible changes in the organisation of lipid molecules. Furthermore, defining the final equilibrated structure of the peptide-membrane complex is only part of the mechanism of action of AMPs, as the intermediate paths taken in terms of the conformation and geometry of the membrane bilayer and the peptide, together with the corresponding binding properties (such as membrane binding affinity, kinetics and surface coverage) and the ability to penetrate the outer lipopolysaccharide (LPS) layer (in gram-negative bacteria) all play a role in AMP-membrane interactions that lead to membrane permeabilization. Thus, while the structural changes that antimicrobial peptides undergo during membrane interactions are well understood, much less is known about the structural changes experienced by the membrane or the effect of peptide sequence on bilayer disruption at this critical threshold. The ability to identify and characterise the consecutive stages of the dynamic changes in membrane organization and peptide conformation during the disruption process is therefore critical in defining the mechanism of AMP action. Understanding and enhancing the process of membrane disruption may also open up new avenues for therapeutic intervention targeting bacterial membrane for drug-resistance infection, which is not currently possible based only on the knowledge of the end-point permeabilization structure.

Magainin 2 (Mag2) is an AMP isolated from the dorsal dermal secretion of the tree frog *Xenopus leavis* with broad spectrum activity against Gram (+) and Gram (−) bacteria and fungi. Its main activity in disrupting membrane function has offered significant potential for combating infections by multi-drug resistant microorganisms. Studies have shown that formation of an amphipathic α-helical structure is important for action[@b7][@b8] which may involve the formation of amphipathic toroidal pores[@b9][@b10][@b11][@b12][@b13][@b14]. However, the exact nature of the peptide-membrane complex remains elusive. Due to the broad antimicrobial activity and low mammalian toxicity of Mag2, a series of mutants have been designed to control structural parameters such as charge density, amphipathicity, hydrophobicity and helicity, with the aim of controlling the selectivity and mechanism of action[@b15][@b16][@b17][@b18]. Among a large number of Mag2 analogues, (Ala[@b8][@b13][@b18])-magainin 2-amide (Mag-A) where Ser^8^, Gly^13^ and Gly^18^ were substituted with alanine, was designed to maximise the helical content while still maintaining an amphipathic structure[@b19]. Mag-A exhibits enhanced lytic activity and significantly reduced haemolytic activity compared to Mag2[@b19] and SEM images of *E coli* with the addition of Mag-A showed pronounced wrinkling with bent and elongated morphologies suggesting disruption of membrane integrity[@b20][@b21]. While the mechanism of membrane permeabilization by Mag2 and its analogues has been studied on various model membrane systems[@b11][@b22][@b23][@b24] and live cells[@b25], there is limited information on the effect of Mag-A on bilayer structure. We have recently established the use of dual polarisation interferometry (DPI) to characterise the effect of peptide binding on the molecular ordering of the membrane through the measurement of birefringence[@b4][@b26][@b27][@b28][@b29]. We show here that the membrane bilayer undergoes a series of reversible structural changes upon Mag2 and Mag-A binding before a critical threshold concentration is reached which triggers a significant membrane disturbance. We also propose that this threshold differs from the commonly-defined critical concentration for disruption of the membrane bilayer. Finally, we propose a detailed model for antimicrobial peptide action in terms of the degree of bilayer disruption via interconversion of different membrane conformational states.

Results
=======

Secondary structure of peptides
-------------------------------

The sequences and properties of Mag2 and Mag-A are listed in [Table S1](#s1){ref-type="supplementary-material"} and the secondary structures of both peptides in buffer and in the presence of liposomes were determined by circular dichroism (CD) spectroscopy. The CD spectra are shown in [Fig S2](#s1){ref-type="supplementary-material"} and the % helix values are listed in [Table S2](#s1){ref-type="supplementary-material"}. The CD spectra showed no defined secondary structure for Mag2 and low helical content for Mag-A in both buffer and in the presence of dimyristoylphosphatidylcholine (DMPC) liposomes ([Fig. S2A](#s1){ref-type="supplementary-material"}). By comparison, in the anionic liposomes (containing dimyristoylphosphatidylglycerol DMPG), a significant degree of helical structure was evident for both Mag2 and Mag-A ([Fig. S2B, C and D](#s1){ref-type="supplementary-material"}). The addition of cholesterol (chol) or dimyristoylphosphatidylethanolamine (DMPE) caused a decrease in Mag2 helicity but an increase for Mag-A. Overall, the results indicate that the negative charge on the membrane surfaces is important for helix formation of both Mag2 and Mag-A while bilayer structural properties also exert an effect.

Membrane binding characteristics
--------------------------------

### Mag2

The effect of membrane charge and lipid composition on the binding of Mag2 and Mag-A to mammalian membrane mimics DMPC, DMPC/DMPG (4:1), DMPC/DMPG/Chol (16:4:5), and the bacterial membrane mimic DMPE/DMPG (4:1) were studied by surface plasmon resonance (SPR). Typical sensorgrams are shown in [Fig. 1](#f1){ref-type="fig"} and [Fig S3](#s1){ref-type="supplementary-material"}. Mag2 binding to DMPC ([Fig. 1A](#f1){ref-type="fig"}) showed a fast initial association that levelled out towards the end of the injection up to a relatively low maximum binding of 450RU at 10 µM, followed by a fast dissociation with around 50% of the peptide remaining bound at each concentration at 600s. Approximately 200RU was retained at 10 µM. At lower concentrations (0.5--4 µM), the association response reached equilibrium faster than at the higher concentrations (6--10 µM).

In contrast to DMPC, Mag2 interaction with anionic DMPC/DMPG (4:1) was concentration dependent up to 700RU ([Fig 1B](#f1){ref-type="fig"}), with a small downward slope towards the end of the injection at intermediate concentrations. The interaction with DMPC/DMPG/Chol (16:4:5) ([Fig. S3A](#s1){ref-type="supplementary-material"}) showed similar response profiles to those on DMPC, reaching 650RU at 10 μM. The dissociation of Mag2 from DMPC/DMPG/Chol was slower than from DMPC and DMPC/DMPG lipid layers with 400RU remaining on the surface, corresponding to approximately 60% of material remaining. In contrast, the response of Mag2 on DMPE/DMPG (4:1) was much lower, only reaching 300 RU ([Fig. S3B](#s1){ref-type="supplementary-material"}), with a very rapid initial association. The dissociation was also fast with about 30% of material still bound.

### Mag-A

The level of binding of Mag-A was much higher than Mag2 on all lipids. On DMPC, Mag-A binding reached a maximum of 4000RU ([Fig. 1C](#f1){ref-type="fig"}) which was almost 10 times the Mag2 response ([Fig. 1A](#f1){ref-type="fig"}). The association response was concentration dependent between 0.5--4 µM. However, at 10 μM peptide concentration, after a fast initial association a sharp decrease in response was evident, dropping below the baseline at the end of the injection. The overall drop in response of -3000RU indicated a loss of mass from the DMPC membrane. A similar but less pronounced mass loss was also seen at 8 and 6 µM. The effect on DMPC/DMPG (4:1) was similar to that on DMPC but the material loss was even higher ([Fig. 1D](#f1){ref-type="fig"}), already evident at a lower concentrations (3--4 μM) and becoming more substantial with each increase in concentration, with 10 µM showing the greatest effect of -2000RU.

In the presence of cholesterol, the overall effect was similar to Mag2 on the same lipid ([Fig. S3C](#s1){ref-type="supplementary-material"}) albeit with a 3--4 times higher response reaching 2000RU at 600s for each concentration, with more than 50% remaining on the surface after rinsing. There was also a small decrease in RU during the association phase, that is, no significant membrane removal occurred. The interaction of Mag-A with DMPE/DMPG (4:1) ([Fig. S3D](#s1){ref-type="supplementary-material"}) showed similar concentration dependent behaviour to DMPC/DMPG/Chol (16:4:5), although the response was almost twice as high, reaching 3500RU. The dissociation was slow with similar amounts of material left on the surface at 600s compared to DMPC/DMPG/Chol, with no apparent mass loss.

Peptide Induced Changes in Membrane Order
-----------------------------------------

### Mag2

Analysis of the changes in the membrane structure upon peptide binding reveals the molecular mechanism of AMP action in terms of surface association, insertion and membrane disruption. The changes in membrane order as a result of peptide binding were quantitatively examined using DPI, through the measurement of optical birefringence (Δ*n~f~*) of the bilayer simultaneously with the membrane-bound peptide mass (*m~p~*) in real time. 1.25--40 μM peptide solutions were introduced consecutively to the same lipid bilayer to explore the effect of accumulative exposure of the bilayer surface to each peptide. The values of refractive index (n) and thickness (d) of an adsorbed isotropic single layer are determined by fitting measured phase changes in the transverse electric (T~E~) and transverse magnetic (T~M~) waveguide modes[@b4][@b26][@b29]. The accumulative binding of Mag2 was first characterised by the TM and TE phase changes as a function of time as shown in [Fig 2A and 2B](#f2){ref-type="fig"}. The TM/TE phase changes increased with increasing Mag2 concentration on DMPC ([Fig. 2A](#f2){ref-type="fig"}). By contrast, an abrupt TM/TE phase loss was observed at 5 μM Mag2 concentration on the DMPC/DMPG bilayer ([Fig. 2B](#f2){ref-type="fig"}). Similar TM/TE phase changes were observed for Mag-A on both DMPC and DMPC/PG bilayers ([Fig. 2C, D](#f2){ref-type="fig"}).

The measured TM and TE phases were subsequently resolved into the mass of membrane-bound peptide and birefringence for both lipid bilayers[@b4][@b26][@b29]. Plots of mass change versus time and birefringence versus time are shown in [Fig. S4](#s1){ref-type="supplementary-material"}. This data was then used to analyse changes in bilayer order as a function of membrane-bound peptide mass (*m~p~*) which allows the impact of peptide binding on the membrane structure to be determined. Specifically, decreases in Δ*n~f~* correspond to a decrease in membrane order[@b4][@b27][@b29] and the changes in DMPC and DMPC/DMPG bilayer order induced by Mag2 are shown in [Fig. 3A and 3B](#f3){ref-type="fig"}. As a control, the binding of human coagulation factor IX (known to bind to the surface of PS-containing membranes[@b30]) to supported POPC/POPE/POPS (3:1:1) showed no change in the birefringence in spite of a high level of membrane-bound mass (see [Fig S5](#s1){ref-type="supplementary-material"}). The injection of 1.25--2.5 μM Mag2 onto the DMPC bilayer ([Fig. 3A](#f3){ref-type="fig"}) did not lead to any significant changes in bilayer order at low *m~p~*. However, 5 and 10 μM Mag2 caused a moderate degree of membrane disordering.

The mass of membrane-bound peptide can be used to derive ratio of the number of peptide to lipid molecules of the upper monolayer, expressed as \[P/L\]. The \[P/L\] ratio corresponding to a threshold point at which the birefringence vs *m~p~* plot first exhibits a significant decrease (\[P/L\]\*) was determined to be \[P/L\]\* = 1:32 calculated using the upper membrane leaflet ([Table S3](#s1){ref-type="supplementary-material"}). The value of Δn*~f~* decreased linearly with further increases in *m~p~* until a minimum Δ*n~f~* value was reached where no further change in disorder was observed (indicated by in [Fig 3A](#f3){ref-type="fig"}). Importantly these decreases in Δ*n~f~* were fully reversible during peptide dissociation from the membrane (see dotted arrow). The overall *m~p~* of Mag2 after six accumulated injections was 1.2 ng/mm^2^ bound to DMPC while the final Δ*n~f~* value was not significantly different to that of the starting bilayer.

Mag2 did not cause any significant changes in the negatively charged DMPC/DMPG bilayer at low peptide concentration (1.25 and 2.5 μM) ([Fig 3B](#f3){ref-type="fig"}). However, when the level of peptide binding reached \[P/L\]\* = 1:37 ([Table S3](#s1){ref-type="supplementary-material"}), significant disordering was observed which was, however, fully reversible after peptide dissociation. The extent of this disordering then increased linearly with *m~p~* until a further, steeper decrease in Δ*n~f~* occurred simultaneously with an irreversible decrease in *m~p~* (\[P/L\]\*\* = 1:15, [Table S3](#s1){ref-type="supplementary-material"}), and indicated a major break in membrane packing order. Subsequent increases in Mag2 concentration lead to further large decreases in Δ*n~f~*, that is, additional major changes in the membrane packing order, giving rise to a series of parallel lines with each subsequent peptide injection. At the highest concentration of 40 μM Mag2, Δ*n~f~*reached a minimum, but significantly, Δ*n* again returned to a value close to that of the starting bilayer after dissociation, in spite of the irreversible decreases in *m~p~*.

### Mag-A

The TM/TE phase changes for the binding of Mag-A to the DMPC and DMPC/DMPG bilayers showed pronounced decreases during the injection phase of 5 μM peptide and were similar to the loss in SPR response during the association phase ([Fig 2C and D](#f2){ref-type="fig"}). On DMPC ([Fig 3C](#f3){ref-type="fig"}), Δ*n~f~* started to decrease linearly with an increase in *m~p~* (\[P/L\]\* = 1:37). At \[P/L\] = 1:8, an abrupt large decrease in birefringence was observed (seen as a major inflection point highlighted in [Fig. 3D](#f3){ref-type="fig"} --marked with \*\*). This large decrease in Δ*n~f~* from 0.0195 to 0.0175 with only 0.14 ng/mm^2^ drop in mass of bound peptide suggests that the membrane was disrupted without a major loss of material from the surface. Nevertheless the changes in Δ*n~f~* were not fully reversible and this partially reversible drop in Δ*n~f~* was also observed at 10, 20 and 40 μM Mag-A.

The Δ*n~f~* for the interaction of Mag-A to DMPC/DMPG bilayers started to decrease at a very low *m~p~,* and at 1.25 and 2.5 μM the changes in both Δ*n~f~* and *m~p~* were almost irreversible. Unlike the linear decrease of Δ*n~f~* with *m~p~* observed in DMPC, the Δ*n~f~* decrease for DMPC/DMPG was non-linear suggesting that the membrane disorder starts at very low levels of membrane-bound peptide without a clear threshold. However, as the amount of bound peptide reached a \[P/L\]\*\* = 1:13, an overall net loss of mass of about 0.7 ng/mm^2^ was observed with decreasing Δ*n~f~* during the association phase at 5 μM peptide concentration. A similar but smaller decrease in birefringence was observed at 10 μM. However, a different profile was observed at 20 μM and 40 μM, where the birefringence remained constant with a large increase in mass during the association phase, followed by a significant mass loss during dissociation and a recovery of the remaining bilayer to a Δ*n~f~* value similar to that at 5, 10 and 20 μM. These results indicate that the substitution of three residues in Mag2 with alanine causes dramatic changes in both neutral and anionic membrane structure above a specific \[P/L\] threshold.

Peptide induced changes in membrane morphology
----------------------------------------------

### Mag2

The changes in the morphology of supported DMPC and DMPC/DMPG (4:1) bilayers induced by peptide binding were imaged by atomic force microscopy (AFM). Freshly deposited DMPC liposomes fused into round membrane patches and representative images are shown in [Fig. S6](#s1){ref-type="supplementary-material"}. DMPC membranes were typically measured to be 5--6 nm thick ([Fig. S6A](#s1){ref-type="supplementary-material"}). 16--21 minutes after the injection of 15 µl of 10 µM Mag2 (capturing an AFM image takes \~ 5 min), the DMPC patch has broken up and small round structures of \~50 nm in diameter with a height of \~5.5 nm were observed ([Fig. S6B--D](#s1){ref-type="supplementary-material"}). These round structures leave the surface one by one. By 72 min after injection, a significant proportion of the structures was lost from the surface, and the remaining structures had a much reduced thickness of 2--3 nm ([Fig. S6E](#s1){ref-type="supplementary-material"}). Mag2 thus appeared to dissolve the membrane in parts, with sections being lifted off the surface. The DMPC/DMPG liposomes formed a bilayer with a thickness of \~6.0 nm with the appearance of domains differing in height of about 1 nm ([Fig. S7](#s1){ref-type="supplementary-material"}). After injection of the same amount of Mag2, small holes appeared in the thicker regions of the bilayer, which have also collapsed into a thinner structure. Since the SPR and DPI results show that Mag2 binds more to DMPC/DMPG, the AFM results suggest that these regions may be enriched in DMPG.

### Mag-A

The addition of 10 µM Mag-A caused the formation of small defects along the edge of a DMPC bilayer ([Fig. S8A and S8B](#s1){ref-type="supplementary-material"}, [Video S1](#s1){ref-type="supplementary-material"}) at around 31 min which increased in size at 54 mins ([Fig. S8C](#s1){ref-type="supplementary-material"}) together with small holes. The membrane morphology imaged at 72 mins ([Fig. S8D](#s1){ref-type="supplementary-material"}) showed that the holes had expanded and that the membrane patches had also expanded, taking up almost the entire 2 × 2 µm image. The cross-sectional measurement showed that the thickness of the membrane layer decreased from 5 nm to 3.5 nm. A similar change in the morphology of DMPC/DMPG (4:1) bilayer was observed with small defects at the membrane edges at 20 min and membrane expansion ([](#f4){ref-type="fig"}[Fig 5](#f5){ref-type="fig"}, [Video S2](#s1){ref-type="supplementary-material"}). These changes were also associated with the formation of several small depressions and holes at 20--69 min ([Fig 4B](#f4){ref-type="fig"}). After further incubation, the membrane disintegrated into small fragments with significant reduction in layer thickness to \~1.5 nm ([Fig. 4C & D](#f4){ref-type="fig"}). This fragmented membrane spread across most of the mica substrate. These decreases in bilayer thickness and spreading bilayers correspond to a significant disruption of the bilayer and are consistent with the loss in mass/mm^2^ from the surface observed by DPI during the association phase.

Discussion
==========

We have previously demonstrated with DPI and solid state NMR that AMP binding induces discrete changes in bilayer order which correspond to surface binding, partial insertion and full insertion and sometimes membrane loss[@b4][@b26][@b27][@b29][@b31]. We hypothesise that there are specific stages in these membrane bilayer changes from which the membrane can either recover or which ultimately proceed to bilayer destruction. Accordingly we propose that the critical concentration corresponds to the point at which the bilayer structure cannot recover. In this study, we have investigated the mechanism of membrane binding of Mag2 and the highly potent analogue Mag-A in order to identify the factors which 1) drive the structural changes in both the membrane and the peptide and 2) define the critical concentration required for membrane lysis.

We have analyzed the relationship between birefringence (a measure of bilayer order) and the mass of bound peptide ([Fig 3](#f3){ref-type="fig"}). These plots are similar to conventional lipid phase diagrams[@b32] but reveal the direct effect of bound peptide on membrane structure and the changes in the slope of these plots reveal discrete steps in the binding process. Small changes in the slope Δ*n~f~*/*m~p~* correspond to surface adsorption of the peptide with little penetration into the membrane, while larger drops in birefringence reveal significant disordering of the bilayer which may correspond to insertion of the peptide into the bilayer[@b4][@b26][@b27][@b29][@b31]. A change in the direction of the plot associated with a drop in both birefringence and mass (to give a positive Δ*n~f~*/*m~p~* value) occurs when there is loss of material from the surface corresponding to disruption of the bilayer structure. Finally, the ability of the bilayer to recover from the disruptive effects of peptide binding is evident from the increase in birefringence after dissociation of the peptide, often returning to the pre-injection value.

Inspection of the different DPI profiles in [Fig 3](#f3){ref-type="fig"} clearly shows multiple distinct stages in the interaction of Mag2 and Mag-A with phospholipid bilayers. The CD results reveal that Mag2 adopts very little structure in the presence of DMPC, although SPR and DPI reveal some degree of association. The small change in birefringence suggests that it does not insert into the bilayer to any great extent. AFM suggests that these changes in birefringence correspond to destabilisation of the bilayer. Importantly, the bilayer recovers from these changes upon dissociation of Mag2. By comparison, Mag2 adopts a helical structure when binding to the anionic DMPC/DMPG bilayers, while DPI birefringence data indicates that it substantially alters the membrane order, suggesting some degree of membrane penetration as confirmed by AFM, yet the membrane still recovers after each injection.

In contrast, Mag-A adopts partial helical structure in DMPC, binds to the membrane in larger quantities, induces disorder in the bilayer at relatively low concentrations, and causes full disruption and loss of membrane material from the surface over a specific threshold of bound peptide. Moreover, the bilayer that remains on the surface recovers to a significant extent after dissociation at peptide concentrations below the disruption threshold. On the anionic DMPC/DMPG bilayers, Mag-A adopts helical structure, causes substantial disruption of the DMPC/DMPG bilayer from which it cannot recover at higher concentrations and again leads to loss of membrane from the surface. In both cases, AFM shows significant disruption of the lipid bilayer by Mag-A in which holes appear and the bilayer expands. Our results correlate well with previous studies that have demonstrated by ss-NMR that Mag2 and related analogues cause changes in the bilayer structure inducing lipid de-mixing and also phase changes from a lamellar to isotropic or hexagonal phases and membrane thinning[@b33][@b34]. Moreover it has been shown by sum frequency generation (SFG) vibrational spectroscopy that Mag2 and the related peptide MSI-78 orient parallel to the membrane surface at low concentrations but insert into the bilayer at higher P/L ratios[@b35][@b36].

Overall our studies also demonstrate that a threshold amount of peptide on the membrane surface is necessary after the initial binding-folding processes to promote changes in the membrane structure, followed by a second threshold for membrane lysis. A key parameter in defining the mechanism of action is the amount of bound peptide required to trigger the irreversible change in membrane structure[@b1][@b37]. Our results provide the first evidence in real time that this threshold concentration directly correlates with a change in the membrane structure and packing. Conventionally, the critical peptide concentration is defined as the concentration necessary to cause membrane lysis[@b6]. In our study, each orientational state corresponding to a significant change in membrane order can be characterised by a specific surface molar threshold (\[P/L\]), that is, multiple thresholds are evident during the binding process. Significantly, these threshold molar ratios, as we define them, refer to peptide bound to the membrane from the virtually infinite bulk reservoir of the solution phase from which we identified two significant events. Firstly, \[P/L\]\* corresponds to the point at which the initial first drop occurs in the membrane birefringence, while \[P/L\]\*\* corresponds to the loss of mass from the surface as a result of membrane disruption. For DMPC, both Mag2 and Mag-A induced initial disordering at similar values of \[P/L\]\* = 1/32 and 1/48. For DMPC/DMPG, lower peptide loadings of \[P/L\]\* = 1/37 and 1/69 respectively were necessary to cause the initial bilayer disorder. While Mag2 did not induce significant lysis of DMPC, a \[P/L\]\*\* of at least 1/8 was required for lysis by Mag-A. Significantly, both peptides caused lysis of the negatively charged DMPC/DMPG at similar values of \[P/L\]\*\* = 1/13 - 1/15. Thus while the relative affinities of each peptide for DMPC/DMPG are quite different, a similar mass of bound peptide induced bilayer disruption, consistent with P:L ratios reported elsewhere[@b6].

A very significant outcome of these studies therefore, is the ability to track the changes in membrane structure disorder as a function of mass of bound peptide in real time. In terms of the different structural states adopted by the bilayer, we have previously shown by SS-NMR that the presence of DMPG in DMPC leads to the formation of an isotropic state and that the negative charges on the membrane surface resulted in a greater susceptibility of the bilayer to peptide-induced disordering as measured by DPI[@b26]. Based on the multiple stages of membrane structure changes evident in [Fig. 3](#f3){ref-type="fig"}, we propose a new model for the molecular mechanism of antimicrobial peptide action in terms of a series of intermediate states, each representing an ensemble of closely-related bilayer structures, as depicted schematically in [Fig. 5](#f5){ref-type="fig"}. Three general membrane-inserted states are proposed which correspond to (A) surface-bound peptide, (B) partially inserted peptide and (C) significantly inserted peptide. This model describes alternate pathways of intermediate membrane states that occur in the presence of increasing amounts of bound peptide and the prevalence of each state is dependent on the peptide and the lipid composition. At low levels of membrane-bound peptide (*m~p~*), State A exists with little bilayer disruption. At higher values of *m~p~*, membrane birefringence decreases reflecting a transition from predominantly A to B at a critical \[P/L\]\* value. Subsequent increases in *m~p~* give rise to State C which is associated with significant disruption and expansion of the bilayer leading to mass loss at a second critical concentration \[P/L\]\*\*.

This model, based on birefringence changes at critical mass loadings, allows the properties of membrane-active peptides to be analysed in terms of surface binding, insertion, membrane opening and bilayer lysis, and in more detail than has been previously possible in terms of dynamic structural changes. In particular, the molecular events prior to membrane lysis can be fully characterised in terms of bilayer structural changes and provides new criteria that can guide the design of selective antibacterial peptides. Previous studies that have focussed on membrane structural changes have defined two states, the S-state where the peptide is surface bound, and the I-state where the peptide is inserted into the bilayer[@b1]. More recently, the existence of a 3^rd^ E-state has been proposed where the continued insertion of peptide causes expansion of a pore-like structure[@b5]. Our results demonstrate the existence of continual changes in bilayer structure during peptide binding and our model defines critical points at which the membrane either recovers or proceeds towards full lysis. Both peptides caused a much greater disruption of DMPC/DMPG than DMPC alone. However, DMPC/DMPG/cholesterol and DMPE/DMPG were both resistant to full lysis by either peptide which has been recently observed by others and related to the influence of these lipids on bilayer rigidity and membrane packing[@b38][@b39][@b40]. Understanding the process leading to membrane disintegration is at the core of designing selective antimicrobial agents and requires consideration of the extent of membrane structural changes for a particular peptide. The model presented here therefore provides a detailed mechanism for the membrane structure changes prior to membrane lysis and evidence that quite subtle changes in amino acid structure can modulate the mechanism of insertion, or increase the degree of penetration to an extent that causes lysis. These studies therefore provide a platform for future studies to manipulate the insertion step through changes in peptide structure and selectively prevent the lysis mechanism in host cells while enhancing lytic efficiency in target microbial cells.

Methods
=======

Chemicals and reagents
----------------------

All chemicals and reagents were purchased from Sigma-Aldrich (St Louis, MO, USA) or Merck (Kilsyth, VIC, Australia). The sequences and physical properties of magainin 2 (Mag2) and (Ala[@b8][@b13][@b18])-magainin 2-amide (Mag-A) are listed in [Table S1](#s1){ref-type="supplementary-material"}. Hellmanex II was obtained from Hellma (Müllhein, Germany). Water was quartz-distilled and deionised in a Milli-Q system (Millipore, Bedford, MA, USA). Liposomes were prepared by the extrusion method as described previously[@b4][@b29].

Circular Dichroism (CD)
-----------------------

CD measurements were carried out on a Jasco J-810 circular dichroism spectropolariser (Jasco, Tokyo Japan) as previously described[@b29][@b41] using a peptide to lipid (P/L) molar ratio of 1:100 in 20 mM phosphate buffer pH 7.4, 150 mM NaCl.

Surface Plasmon Resonance (SPR)
-------------------------------

SPR experiments were carried out with a Biacore T100 analytical system on L1 sensor chip (Biacore, Uppsala, Sweden) as previously described[@b42][@b43][@b44][@b45][@b46]. A minimum of 5000RU was deposited which corresponds to 5 ng/mm^2^. The interaction of Mag2 and Mag-A with DMPC, DMPC/DMPG (4:1), DMPC/DMPG/Cholesterol (16:4:5) and DMPE/DMPG (4:1) was examined at peptide concentrations, 0.5, 1, 2, 3, 4, 6, 8 and 10 µM at 25°C, which is above the Tm of the phospholipids. The running buffer was 20 mM phosphate buffer pH 7.4, 150 mM NaCl. Kinetic analysis of the sensorgrams was performed using the langmuir, the parallel and the two state curve fitting models as previously described[@b46].

Dual Polarisation Interferometry (DPI)
--------------------------------------

DPI provides a quantitative measurement of the optical birefringence of supported lipid bilayer as a function of membrane-bound peptide mass which determines the impact of peptide binding on the molecular order of bilayers[@b29][@b47]. The unmodified silicon oxynitride FB80 AnaChips (Farfield-Group, UK) and running buffer, 10 mM MOPS pH 7.0, 150 mM NaCl, were calibrated as previously described[@b4][@b29], Following cleaning and calibrating, DMPC and DMPC/DMPG (4:1) liposome solution were deposited in the presence of 1 mM CaCl~2~ at 28°C. The full coverage and quality of membrane was confirmed by the absence of BSA (50 μg/ml) binding[@b29]. Data was acquired at 10 Hz using *Ana*Light200 version 2.1.0 and analyzed using *Ana*Light® Explorer.

Mag2 and Mag-A were prepared at concentrations of 1.25, 2.5, 5, 10, 20 and 40 µM in 10 mM MOPS, pH 7, 150 mM NaCl. Peptide samples were injected consecutively in an order of 2 fold increment concentration onto the deposited bilayer at 20°C. 160 μl of each peptide concentration was injected at 40 µl/min, followed by running buffer for 30 min prior to injecting the next concentration onto the same bilayer surface. Each peptide concentration measurement was performed on the same lipid bilayer, after which the waveguide surface was regenerated with 2% SDS, 10% Hellmanex II and ethanol at 28°C[@b29]. The optical birefringence (Δ*n~f~*) of each bilayer was determined through calculating the difference between two effective refractive indices, namely the refractive index (RI) of the transverse magnetic (TM) waveguide mode (*n***~TM~**) and the RI of the transverse electric (TE) waveguide mode (*n***~TE~**) as previously described[@b4][@b26][@b27][@b29][@b47][@b48]. An average bilayer thickness of 45.3 ± 0.6Å and a birefringence of 0.0216 ± 0.0005 was obtained for DMPC while an average bilayer thickness of 47.7 ± 1.6 Å and a birefringence of 0.0233 ± 0.0008 was obtained for DMPC/DMPG (4:1). dn/dc is the specific refractive index increment of the layer. The de Feijter formula assumes that dn/dc remains constant throughout the experiment. For the present analysis, dn/dc values of 0.135 and 0.182 mL/g were used for lipids and peptides, respectively.

Atomic Force Microscopy (AFM)
-----------------------------

The influence of Mag2 or Mag-A on the morphology of DMPC and DMPC/DMPG (4:1) bilayers were examined by a Nanoscope IV AFM with a Multimode head (Veeco, Santa Barbara, CA, USA) using a vertical engage 'E\' scanner. Images were obtained in 20 mM phosphate buffer pH 7.4 *via* taping mode with NSC-36 'B\' silicon cantilevers (Micromasch, Tallinn, Estonia) with a nominal force constant of 1.75 N/m. 20 µl of freshly prepared liposome (50 nm) solution was deposited onto freshly cleaved mica and incubated at 40°C for 30 min. After incubation, the surface was rinsed 3 times with buffer at 25°C. The bilayers were then imaged in buffer using the liquid cell with several additions of 15 µl of 10 µM peptide over the supported bilayers. Topographic, phase and amplitude images at a resolution of 512 × 512 were simultaneously obtained using scan frequencies between 0.5--1.5 Hz with typical scan sizes of 5 µm × 5 µm, 2 µm × 2 µm, 1 µm × 1 µm or 500 nm × 500 nm. Minimal force (free oscillating amplitude \~20 nm, setpoint of 60--80%) was used to reduce the mechanical agitation inflicted on the sample. Images were processed with a sequence of plane fitting and offset flattening using either WSxM 4.0 ([www.nanotec.es](http://www.nanotec.es)) or Gwyddion 2.29 ([www.gwyddion.net](http://www.gwyddion.net)) software.
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![SPR sensorgrams obtained for Mag2 binding to (A) DMPC and (B) DMPC/DMPG (4:1) supported unilamellar bilayers and Mag-A binding to (C) DMPC and (D) DMPC/DMPG (4:1) supported unilamellar bilayer at eight different peptide concentrations ranging from 0.5--10 μM.\
Injections were 200 sec (t = 0--200 sec) at 30 μl/min and the peptide was then allowed to dissociate for a further 400 sec (t = 200--600 sec) as buffer continued to flow through the system.](srep05479-f1){#f1}

![Real time TM and TE phase changes in radians measured by DPI for Mag2 binding to (A) DMPC and (B) DMPC/DMPG (4:1) supported unilamellar bilayers and Mag-A binding to (C) DMPC and (D) DMPC/DMPG (4:1) supported unilamellar bilayer.\
The peptide solutions were injected onto the bilayer accumulatively at concentrations 1.25 μM--40 μM.](srep05479-f2){#f2}

![The effects of Mag2 (A,B) and Mag-A (C,D) on the molecular order of planar DMPC (A,C) and DMPC/DMPG (4:1) (B,D) bilayers determined by the optical birefringence as a function of total mass (ng/mm^2^) of lipid + membrane-bound peptide.\
The peptides were injected consecutively onto the bilayer with a 2 fold increment in concentration. Solid arrows denote peptide association while dotted arrows correspond to peptide dissociation. = minimum value observed for Δ*n~f~*. \* = Δ*n~f~* value at initial membrane disordering was observed. \*\* = Δ*n~f~* value at which membrane disruption/mass loss was observed.](srep05479-f3){#f3}

![The sequential changes of supported DMPC/DMPG (4:1) bilayer AFM images obtained in real time upon binding of Mag-A.\
A series of DMPC/DMPG images were taken at (A) in the absence peptide with approximately 3.5 nm in height as shown in the cross-section plot at the top right panel corresponding to the green bar in (A). Images were then taken at (B) 69 minutes and (C) 94 minutes after the injection of Mag-A. The images in (D) showed a high resolution image of the upper right hand area in blue box in (C). A cross section (yellow bar) is shown on the right. Scale bar is 400 nm for (A, B & C) and 150 nm for (D).](srep05479-f4){#f4}

![Schematic showing the interconversion of at least three conformational states of the phospholipid bilayer upon interaction of antimicrobial peptides.](srep05479-f5){#f5}
